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We investigate gravitational collapse in the context of quantum mechanics. We take primary 
interest in the behavior of the collapse near the horizon and near the origin (classical singularity) 
from the point of view of an infalling observer. In the absence of radiation, quantum effects near 
the horizon do not change the classical conclusions for an infalling observer, meaning the horizon is 
not an obstacle for him. However, quantum effects are able to remove the classical singularity at 
the origin, since the wave function is non-singular at the origin. Also, near the classical singularity, 
some non-local effects become important. In the Schrodinger equation describing behavior near the 
origin, derivatives of the wave function at one point are related to the value of the wave function at 
some other distant point. 



I. INTRODUCTION 

Of the four fundamental interactions in nature, grav- 
ity is by far the weakest. For this reason, we can hope to 
see quantum effects only in the vicinity of classical singu- 
larities. Penrose and Hawking [l[ have shown that these 
singularities arc endemic in general relativity. However, 
the question arises whether they are an intrinsic prop- 
erty of space-time or simply reflect our lack of the ulti- 
mate non-singular theory. A singularity often represents 
a signal that the theory has been extrapolated outside its 
domain of validity. The general belief is that quantiza- 
tion will rid gravitation of singularities, just as in atomic 
physics it got rid of the singularity of the Coulomb poten- 
tial which has an identical 1/r behavior 0, d, EL HI ■ If this 
is indeed the case, this information must be encoded in 
the wave function describing the collapsing object. There 
are also some reasons to believe that inherently quantum 
non-local effects should become important in the strong 
gravity regime, i.e. near the classical singularity. These 
effects might be associated with the possible resolution 
of the information loss paradox [H, 0, B Q • 

There are additional reasons to study quantum effects 
in gravitational collapse even in the regions far from the 
origin. Properties of the classical Schwarzschild solu- 
tion are very well understood. If an asymptotic observer 
throws something down a pre-existing black hole, he will 
never see it crossing the horizon since it takes infinite 
time At according to his clock. If Rq is the position of a 
fixed outside observer then 
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dr 



Its 



1 
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(1) 



The integral is obviously divergent at the lower limit. For 
the same reason, an asymptotic observer will never see 
the formation of a black hole. Thus, an asymptotic ob- 
server will never see any effects strictly associated with 
an event horizon: all of such signals (light rays or gravita- 
tional waves) will be infinitely redshifted. Thus, one can 
study the effects arising in near horizon region but could 
never probe the horizon itself. This includes black holes 
in the centers of galaxies, black hole mergers, accretion 
of material onto black holes, x-ray bursts etc. This fact is 



often ignored. The hope is that quantum mechanics will 
make the time finite even for an asymptotic observer. 

How can quantum mechanics be important for large 
macroscopic black holes? If one includes quantum fluc- 
tuations, the position of a horizon is not fixed. Then, 
instead of Rs one can write Rs + SRs, where SRs repre- 
sent small fluctuations in the position of a horizon. This 
can make the time as measured b y a n asymptotic ob- 
server finite (see e.g. Sec. 10.1.5 of (lOj)): 
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If this were true, it would have a profound importance 
for astrophysical observations. We would be able to ob- 
serve black hole formation and other effects in finite time. 
Note however that fluctuations can go either way, i.e. Rs 
should get replaced by Rs±5Rs- In the case of Rs — SRs, 
the result becomes infinite again. This points out that a 
careful analysis of gravitational collapse in the context of 
quantum mechanics is needed. This question was inves- 
tigated in from the point of view of an asymptotic 
observer. The conclusion was (with some caveats) that 
an asymptotic observer does not see a collapsing object 
crossing its own Schwarzschild radius even when quan- 
tum effects are taken into account. 

In this paper we address the question of gravitational 
collapse in the context of quantum mechanics as seen by 
an infalling observer. We model the collapsing body with 
a shell which is effectively described by a spherically sym- 
metric domain wall. The reason for that is the existence 
of a well defined relativistic Lagrangian and Hamiltonian 
for such a system which can be quantized straightfor- 
wardly. 

In Sec. |TT] we adopt the Whceler-de Witt approach to 
quantum gravity and define the framework. For all prac- 
tical purposes in our case of interest, this formalism is 
equivalent to the functional Schrodinger formalism. In 
Sec. IIIII we review the recent results obtained in [ll| for 
an asymptotic observer. In Sec. |W] we study classical 
collapse from the point of view of an infalling observer 
(an observer who is falling together with the collaps- 
ing shell). The most important results are presented in 
Sec. [V] where we study collapse from the point of view 
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of an infalling observer in the context of quantum me- 
chanics. In Sec. IV Al we explore quantum effects in near 
horizon limit for an infalling observer and show that, in 
the absence of quantum radiation, classical conclusions 
remain true, i.e. horizon is no obstacle for an infalling 
observer. In Sec. IV Bl we explore quantum effects near 
the origin (i.e. classical singularity) and demonstrate two 
results: a) the wave function describing the collapsing 
shell is non-singular at the origin, and b) the non-local 
effects, which were absent at large distances, become un- 
suppressed in this near the origin regime. 

We emphasis that we do not study quantum radiation 
of the fields propagating in the background of a collapsing 
object which may introduce some new elements. [This 
question will be studied in fl2|.] Our conclusions are 
summarized in Sec. IVII 



II. SETUP AND FORMALISM 



III. ASYMPTOTIC OBSERVER 

A general treatment of the full Wheeler-de Witt equa- 
tion is very difficult and we truncate the field degrees of 
freedom to a finite subset. In other words, we will con- 
sider a minisupcrspace version of the Whcclcr-dc Witt 
equation. In particular, we only consider spherical do- 
main wall representing spherical shell of collapsing mat- 
ter. This implies that the wall is described by only the 
radial degree of freedom, R(t). The metric is taken to be 
the solution of Einstein equations for a spherical domain 
wall. The metric is Schwarzschild outside the wall, as 
follows from spherical symmetry (l4j 

ds 2 = -(l-?^)dt 2 + (l-^y l dr 2 +r 2 cM 2 , r > R(t) 
r r 

(9) 

where, i?s = 2GM is the Schwarzschild radius in terms 
of the mass, M, of the wall, and 



The Wheeler-de Witt equation [l3j in its general form 

is 

= (3) 

where H is the Hamiltonian and ^[X a , g^, O] is the 
wave-functional for all the ingredients of the system - 
collapsing object, space-time metric, even the observer's 
degrees of freedom (denoted by O). We will separate the 
Hamiltonian into two parts, one for the system and the 
other for the observer 



H = H„ 



(4) 



Any weak interaction terms between the observer and the 
system are included in H sys . The observer is assumed 
not to significantly affect the evolution of the system. 
The total wave-functional can be written as a sum over 
eigenstates 



* = ^c fc ^ ys (sys,t)^ bs (0,t) 



(5) 



where k labels the eigenstates, c& are complex coeffi- 
cients, and we have introduced the observer time, t, via 



■<9*ob s _ k 

1 Q t S = -Hobnobs 



(6) 



With the help of an integration by parts, and the fact 
that the total wave- functional is independent of t, the 
Whcclcr-dc Witt equation implies the Schrodingcr equa- 
tion 



if sys * sys 



■ w sys 



(7) 



For convenience, from now on we will denote the system 
wave-function simply by \& and drop the superscript k 
and the subscript "sys". Similarly H will now denote 
-Hsys, and the Schrodingcr equation reads 



''It 



(8) 



d9, 2 = d9 2 + sin 2 



(10) 



In the interior of the spherical domain wall, the line cle- 
ment is flat, as expected by Birkhoff's theorem, 



ds' 



-dT 2 + dr z 



-r 2 d0 2 - 



2 ■ 2 

-r sin 



r < R(t) (11) 



The equation of the wall is r = R(t). The interior time 
coordinate, T, is related to the asymptotic observer time 
coordinate, t, via the proper time of an observer moving 
with the shell, t. The relations are 



dT 



and 



dt 

7/7 



i 

B 



dR 



1 1/2 



1/2 



where 



R 



(12) 



(13) 



(14) 



By integrating the equations of motion for the spherical 
domain wall, Ipser and Sikivie fl4| found that the mass 
is a constant of motion and is given by 



M = -[VT 



R 2 + + R 2 T ]AiraR 2 



(15) 



where R T = dR/dr, while a is the surface tension (en- 
ergy density per unit area) of the wall. It is assumed 
that max(i?) < (47rGer) -1 to avoid the case in which the 
domain wall is already within its own Schwarzschild ra- 
dius to begin with. This expression for M is implicit 
since Rs = 2GM occurs in B. Solving for M explicitly 
in terms of R T gives 



M = 47ro-i? 2 [ v /l + i? 2 . - 2%GaR]. 



(16) 
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A. Classical collapse as viewed by an asymptotic 
observer 



The effective Lagrangian describing gravitational col- 
lapse of the spherical shell consistent with (fT6|) was de- 
rived in (Till 



L e ff = -A-kcjR 2 



'B-S^- 2-kGgR^B- ^—j^-R 2 



(17) 

where R = dR/dt. The generalized momentum, II, can 
be derived from Eq. (JTTJ) 



n 



\voR 2 R 1 2ttG<jR(1 - B) 

VB [^B 2 -R 2 ^B 2 -(1-B)R 2 

The Hamiltonian (in terms of R) is 



(18) 



2-kGoR 



Vb 2 -R 2 l B 2 _ (! _ B ) R 2 



B = 4naB 3/2 R 2 



(19) 

To obtain B as a function of (R, II) , we need to elim- 
inate R in favor of II using Eq. l|T5j) . This can be done 
but is messy, requiring solutions of a quartic polynomial. 
Instead we consider the limit when R is close to Rs and 
hence B — ► 0. In this limit the denominators of the two 
terms in Eq. (|19[) are equal and 



n 



4iTfiR 2 R 



Vb^B 2 - R 2 



where 



and 



B 



(j, = cr(l - 2nGaR s ) 



4n»B 3 / 2 R 2 



(20) 



(21) 



(22) 
(23) 



\/B 2 - R 2 
= [(BH) 2 +B(4n^R 2 ) 2 ] 1/2 

The Hamiltonian has the form of the energy of a rela- 
tivistic particle, \J p 2 + m 2 , with a position dependent 
mass. 

The Hamiltonian is a conserved quantity and so, from 

Eq. mm, 



B 3/2 R 2 

\/B 2 - R 2 



(24) 



where h = B/Airfi is a constant. (Up to the approxima- 
tion used to obtain the simpler form of the Hamiltonian 
in Eq. ([2"2")). the Hamiltonian is the conserved mass.) 



Solving Eq. (|24J) for R we get 

BR 4 



R = ±B[1- 



h 2 



which, near the horizon, takes the form 



R~± B[ l- l - BR4 



2 h 2 



(25) 



(26) 



since B ^ as R ^ Rs- 

The dynamics for R ~ Rs can be obtained by solving 
the equation R = ±B. To leading order in R — Rs, the 
solution is 



R(t) ~R S + (Ro - R s )e ±t/Rs 



(27) 



where Rq is the radius of the shell at t — 0. As we are 
interested in the collapsing solution, we choose the neg- 
ative sign in the exponent. This solution implies that, 
from the classical point of view, the asymptotic observer 
never sees the formation of the horizon of the black hole, 
since R(t) = Rs only as t — > oo. Thus, the time needed 
for a collapsing object to cross its own Schwarzschild ra- 
dius is infinite from a point of view of a static outside 
observer. 



B. Quantum collapse as viewed by an asymptotic 
observer 



The classical Hamiltonian in Eq. (|2"3"|) has a square root 
and so we first consider the squared Hamiltonian 



B 2 = M Bn + B(4tt^R 



2\2 



(28) 



where we have made a choice for ordering B and n in 
the first term. Now we apply the standard quantization 
procedure. We substitute 



n 



.d_ 

'dR 



in the squared Schrodinger equation, 



B 2 V 



dt 2 



Then 



B 0R ^)+*(^ 2 ) 2 * 



To solve this equation, define 
u = R + Rs In 

which gives 

BU = -i 



R_ 
~R~s 



dtt 



(29) 



(30) 



(31) 



(32) 



(33) 
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Eq. I0DJ) then gives 



a 2 * <9 2 4- 



dt 2 di 



(34) 



This is just the massive wave equation in a Minkowski 
background with a mass that depends on the position. 
Note that R needs to be written in terms of the coordi- 
nate u and this can be done (in principle) by inverting 
Eq. (|32[) . However, care needs to be taken to choose the 
correct branch since the region R G (Rs, oo) maps onto 
u G (—oo, +oo) and R G (0, Rs) onto u G (0, — oo). 

We are interested in the situation of a collapsing shell. 
In the region R ~ Rs, the logarithm in Eq. ([32) domi- 
nates and 

R~R S + R s e u/Rs 

We look for wave-packet solutions propagating toward 
Rs, that is, toward u — > — oo. In this limit 



B 



^u/Rs 







and the last term in Eq. (|34|) can be ignored. Wave 
packet dynamics in this region is simply given by the free 
wave equation and any function of light-cone coordinates 
(u ± t) is a solution. In particular, wc can write a Gaus- 
sian wave packet solution that is propagating toward the 
Schwarzschild radius 



1 



-(u+t) 2 /2s 2 



27TS 



(35) 



where s is some chosen width of the wave packet in the 
u coordinate. The width of the Gaussian wave packet 
remains fixed in the u coordinate while it shrinks in the R 
coordinate via the relation dR = Bdu which follows from 
Eq. (|32|) . This fact is of great importance, since if the 
wave packet remained of constant size in R coordinates, 
it might cross the event horizon in finite time. 

The wave packet travels at the speed of light in the u 
coordinate - as can be seen directly from the wave equa- 
tion Eq. (|3"4")) or from the solution, Eq. (f3"S"l) . However, to 
get to the horizon, it must travel out to u = — oo, and 
this takes an infinite time. So we conclude that the quan- 
tum domain wall does not collapse to Rs in a finite time, 
as far as the asymptotic observer is concerned, so that 
quantum effects considered here do not alter the classi- 
cal result that an asymptotic observer does not observe 
the formation of an event horizon. 

This analysis leaves room for a non-local process by 
which the wave packet can jump from the (Rs, oo) region 
to the (0, Rs) region, without ever going through Rs, 
since the region R G (Rs, oo) maps onto u G (— oo, +oo) 
and R G (0, Rs) onto u G (0, — oo). Note that this process 
would be quite different from tunneling through a barrier. 

We end this section with the remark that quantum 
Hawking emission makes the lifetime of the black hole 
finite. Therefore, asymptotic observers will not see in- 
falling matter hovering over the horizon for an infinite 



time. From the point of view of outside observers, the 
evaporation process and the resulting semi-classical ge- 
ometry can be described in terms of a stretched horizon 
[3 El rather than focusing on the event horizon. In 
this simple physical picture infalling matter never passes 
through the event horizon but is instead absorbed into 
the stretched horizon, thcrmalized, and eventually re- 
emittcd as part of the Hawking radiation. 



IV. CLASSICAL COLLAPSE AS VIEWED BY 
AN INFALLING OBSERVER 



We now change the observer and study what an ob- 
server who is falling together with the shell (i.e. an in- 
falling observer) would see. The effective action consis- 
tent with the conserved quantity (|16p is 

S eff = -47rcr J drR 2 ^/l + R 2 - R T sinh _1 (.R r ) - 2naGR 

(36) 

Therefore the effective Lagrangian expressed in terms of 
the infalling observer's time r is given by 



L e ff = —AnaR 



VTTtf 2 - R T sinh" 1 (i? r ) - 2-kuGR 

(37) 

The generalized momentum, n, can be derived from 

Eq. dnzD 

n = 4naR 2 sinh _1 (i? r ). 
The Hamiltonian (in terms of R T ) is 



H = 4naR A 



^l + R 2 - 2-kgGR 



(38) 
(39) 



which is just Eq. (|16[) . Let us briefly comment on the 
physical meaning of the Hamiltonian (f39|) . For a static 
shell, i.e. R T = 0, the first term in square brackets is just 
the total rest mass of the shell. For a moving shell, R T ^ 
takes kinetic energy into account. The last term in 
square brackets is the self-gravity, since in this formalism 
the collapsing shell is both the source of the gravitational 
field and the matter that is collapsing. 
From (l39l) we can calculate R T 



(40) 



where h = H/(4na). In our formalism, the Hamilto- 
nian is just the conserved mass, H = M (the value of 
which can be viewed as an initial condition). When the 
shell comes close to its own Schwarzschild radius, i.e. 
R w R s , this equation can be further simplified. If we 
are interested only in the zeroth order behavior near the 
Schwarzschild radius we can set R = Rs in ([4"0f . This 
gives us 




Rr 




2tt(tGR< 



(41) 
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which can be integrated to give 



R = Ro - t\\ ( + 2naGR s ) -1 



where Rq is the radius of the shell at r = 0. The solu- 
tion implies that the infalling observer will reach Rs in a 
finite amount of his proper time, which is expected from 
classical general relativity. 



V. QUANTUM COLLAPSE AS VIEWED BY AN 
INFALLING OBSERVER 



A. Quantum treatment of gravitational collapse 
near the horizon 



Now we turn to quantum treatment of gravitational 
collapse as viewed by an infalling observer. The exact 
Hamiltonian (in terms of R T ) is again (|39| 



H = AiraR 2 



v/l + i?2 _ 2naGR 



(43) 



In this section, we will quantize this Hamiltonian near 
the Schwarzschild radius and in the limit where R T is 
small. This is indeed a restriction to the special motion 
of the wall, since in general R T can be large near Rg if 
the shell is falling from a very large distance. However, 
one may always choose initial conditions in such a way 
that the initial position of the shell R(t = 0) is very close 
to R s . 

In the limit of small R T and R — > Rs the Hamiltonian 
simplifies to 



H = 4iraR 2 s 



1 + iff* - 2-kvGRs 



In the same limit, the momentum (|38[) simplifies to 
n = 4tt<tR 2 s R t 



(44) 



(45) 



Dropping the constant terms form the Hamiltonian we 
get 



H = 



87rcri?! ' 



(46) 



Using the standard quantization procedure, we substitute 

. d 



n 



dR 



into the Schrodingcr equation, 



This gives us 



i a 2 * _ .9* 
~""dr' 



8naR 2 s dR 2 



(47) 



(48) 



(49) 



This is just the Schrodingcr equation for a freely propa- 
gating "particle" of mass 4iraR s , as we expected in this 
approximation. Since Rs is only a finite distance away 
for an infalling observer we conclude that quantum ef- 
fects do not alter the classical result - a collapsing shell 
crosses its own Schwarzschild radius in a finite proper 
time. 



B. Quantum treatment of gravitational collapse 
near the origin 

In this section we investigate the most important ques- 
tion of quantum effects when the collapsing shell ap- 
proaches the origin (i.e. classical singularity at R — *• 0). 
The exact Hamiltonian (in terms of R T ) is again 



H = AiraR 2 



,/T+Rj - 2naGR 



while exact value of R T is 

Rr = 




-+2n*GR) 



(50) 



(51) 



Near the origin, i.e. in the limit of R — > the classical 
solution for R T (keeping only the leading order term) 
becomes 



R T 



h_ 

'W 



(52) 



where h = H/(4tt<t), while the Hamiltonian is just the 
conserved mass H = M. This implies that, up to the 
leading term near the origin, the Hamiltonian is 



H = 4iraR 2 R T . 



(53) 



Substituting the asymptotic behavior (|52p in the expres- 
sion for the generalized momentum 



n = AiraR 2 sinh _1 (i? T ). 



we learn that 



and 



lim n = 



lim 



n 



R^o 4-iraR 2 
This implies that R T defined as 

rt = sinh (i^y - 

near the origin becomes 



(54) 
(55) 

(56) 
(57) 
(58) 
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Therefore we can write the Schrodinger equation as 
2-koR 2 exp 



AnaR 2 dR 



d \ , s d^(R,r) , , 
*(R,r)=i \ ' . (59) 



dr 



In Eq. (|59p. the differential operator in the exponent 
gives some unusual properties to the equation. Note that 
if we expand the exponent we can not stop the series after 
the finite number of terms but need to include all of the 
terms. This means that we need to include an infinite 
number of derivatives of the wave function 'J into the 
differential equation. An infinite number of derivatives of 
a certain function uniquely specifies the whole function. 
Thus, the value of (the derivative of) the function on 
the right hand side of Eq. (|59[) at one point depends 
on the values of the function at different points on the 
left hand side of the same equation. This is in strong 
contrast with ordinary local differential equations where 
the value of the function and certain finite number of its 
derivatives are related at the same point of space. This 
indicates that Eq. (|6"Tj) describes physics which is not 
strictly local. 

With the simple change of variables we can make this 
argument more transparent. If we introduce a new vari- 
able u — i? 3 , Eq. (|59|) becomes 



27Tcru 2/3 cxp ( I *(li,r) 

Ana ou 



(60) 



The differential operator in the exponent is just a transla- 
tion operator which shifts the argument of the wave func- 
tion by a non-infinitesimal amount of 3z/(47tct). Since the 
wave function is complex in general, a shift by a complex 
value is not a problem. Therefore Eq. (|59p can be written 
as 



47TCT ' 



1 Or ■ 



(61) 



The wave function near the origin ty(R — > 0,r) is in 
fact related to the wave function at some distant point 
^{R — > (j^) 1 ^ 3 i T )- This effect is non local and may 
have some implications for the information loss paradox 
d, 0, B @ ■ At large distances far from the origin, non- 
local effects were absent (at least in the approximation 
we used) as can be seen from Eq. (j45]) which gives a 
linear relation between the generalized velocity and the 
generalized momentum. However, in the last stages of 
the collapse, when R — > 0, these effects become impor- 
tant. Eq. (|58p contains the generalized momentum (and 
thus the derivatives) in the exponent which makes the 
Schrodinger equation non-local. From Eq. (|6ip we see 
that non-locality depends on the wall surface tension a. 
For the light walls (small a) non-locality is stronger, while 
large a suppresses it. However, the suppression can not 
be arbitrary large since the condition bounding a from 
above (given below Eq. (fT5|) ) must be satisfied. 

While it is possible that the whole formalism breaks 
down at the very short distances of the order of Planck 



length, it is obvious that there will be a regime in which 
non-local effects are important. 

Eq. (|61| also implies that the wave function describing 
the collapsing shell is non-singular at the origin. Indeed, 
in the limit of R — > 0, this equation becomes 



dm(R->0,T) 







(62) 



where we used the fact that the wave function at some fi- 
nite R, i.e. V(R -> (4§^) 1/3 ,t), is finite. From Eq. ([62]) 
then follows that *&(R — > 0) = const. Non-singularity 
of the wave function describing the collapsing object at 
the origin is very important knowing that the origin rep- 
resents the classical singularity and it is the source of 
most of the problems and paradoxes in black hole physics. 
Some consequences will be discussed in conclusions. 



VI. CONCLUSIONS 

We studied gravitational collapse of the spherically 
symmetric shell of matter represented by a thin spherical 
domain wall in the context of quantum mechanics. We 
employed the inherently quantum functional Schrodinger 
formalism, which can be readily incorporated into the 
Wheeler-de Witt formalism. We examined most of the 
cases of interest. 

In the literature, there exist some arguments that 
quantum effects near the horizon might change what an 
asymptotic observer would see in gravitational collapse. 
In particular, it was argued that the quantum fluctua- 
tions can make the collapse time finite for a static outside 
observer. However, it appears that, at least in the frame- 
work of the functional Schrodinger formalism, quantum 
effects do not change the conclusions of classical gen- 
eral relativity, i.e. it takes infinite time according to 
the asymptotic observer's clock for the collapsing shell to 
cross its own Schwarzschild radius. This is the conclusion 
valid only in the absence of quantum radiation. Hawking 
radiation of course makes the lifetime of the black hole 
finite and asymptotic observers will see infalling matter 
accumulated onto the stretched horizon [IH [l6j , thermal- 
ized, and eventually rc-cmittcd as part of the Hawking 
radiation. 

Results from the point of view of an infalling observer 
(an observer who is falling together with the collapsing 
shell) are of special interest. We first investigated what 
an infalling observer would sec when the shell is crossing 
its own Schwarzschild radius. To do that, we explored 
quantum effects in near horizon limit for an infalling ob- 
server and showed that, in the absence of quantum ra- 
diation, classical conclusions remain true, i.e. horizon is 
no obstacle for an infalling observer. 

Finally, we explored quantum effects near the origin 
(i.e. classical singularity) from the point of view of an 
infalling observer. There arc two important effects to 
be mentioned. First, the wave function describing the 
collapsing shell is non-singular at the origin. This is in 
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agreement with the expectation that quantization will 
rid gravity of singularities, just as in atomic physics it 
got rid of the singularity of the Coulomb potential which 
has an identical classical 1/r behavior. If the singularity 
at the origin is really erased, than most of the assumed 
properties of the black holes need to be re-thought. In 
particular, once we include quantum radiation, a collaps- 
ing object (or a black hole) will lose all of its energy in 
finite time. However, in the absence of the true singu- 
larity at the center, a horizon formed during the collapse 
can not be a true global event horizon. In other words, 
in the absence of the singularity, a "black hole" may trap 
the light and other particles for some finite amount of 
time, but not forever (nor is the information lost down 
the singularity) . This has profound implications for black 
hole physics. 

Second, the quantum equation that governs physics 
near the classical singularity seems to be non-local. The 
Schrodinger equation describing the collapsing object 
contains an infinite number of derivatives. The dynam- 
ics of the wave function at certain point near the origin 
depends on the value of the wave function at some dis- 



tant point. While these non-local effects were absent at 
large distances far from the origin, they become unsup- 
pressed in the near origin regime. Non-local effects we 
are finding in our approach may signal two things. It 
may be that it is a simple consequence of the fact that 
the Whceler-de Witt (or functional Schrodinger) formal- 
ism is only an approximation of some more fundamental 
local theory After all, effective low energy actions are of- 
ten non-local. The other possibility is that the quantum 
description of the black hole physics requires inherently 
non-local physics. Answer to this question requires fur- 
ther investigation. 
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